X-ray Diffraction Studies of Echinoderm Plates
Abstract. X-ray diffraction studies confirm that, with few exceptions, each skeletal element of echinoderms is a single crystal of magnesium-rich calcite and that a relation exists between the shape of the element and the crystallographic a-and c-axes. The exceptions include the teeth of echinoids, and the calcareous ring as well as the anal teeth of holothurians. The tubercles of an echinoid plate begin their growth as parts of the single crystal of the plate; under the mechanical action of the spines that are attached to them, they become partly polycrystalline, as shown by scanning electron microscopy and by x-ray powder diffraction. The interface between inorganic crystalline and organic amorphous matter in the skeletal element appears to be the first example reported in nature of a periodic minimal surface.
The echinoderm skeleton is known to be composed of magnesium-rich calcite; no aragonite has been reported, no other crystalline inorganic or organic phase is present, and even evidence for a solid amorphous phase is lacking (1, 2). However, there persists in the literature (3) confusion on the crystallo- 28 NOVEMBER 1969 phase is present, and even evidence for a solid amorphous phase is lacking (1, 2). However, there persists in the literature (3) confusion on the crystallo- 28 NOVEMBER 1969 graphic nature of the skeletal element: Does it consist of a single crystal, subparallel crystals, or a polycrystalline aggregate? In its external shape a skeletal element, as strikingly shown recently by scanning electron microscope photographs (4), is completely noncrystallographic, consisting of mammillated surfaces that show neither planes nor straight edges, leave alone interfacial angles! Nevertheless, it must be crystalline if it diffracts x-rays. It is monocrystalline, that is, made up of "a single crystal," if all its parts diffract coherently to give discrete spots on the film-proof that it must be referred to a single continuous lattice. It will be polycrystalline, if its parts diffract incoherently-smearing the spots into smooth continuous powder-diffraction lines if the aggregate is finely crystalline and into gritty-looking lines if it is coarsely crystalline. The grain size, which is the size of the component crystals, can be estimated from the appearance of the diffraction lines: diffuse, sharp, "gritty," corresponding to ~ 0.1 tjm or less, 1 tm, and ~10 /tm or more, respectively.
We used the precession camera (with MoKa radiation), as well as the Weissenberg and back-reflection Weissenberg cameras (with CuKa and FeKa), the powder camera (CuKa), the petrographic microscope, and the electron probe. The rhombohedral calcite crystal is referred to its hexagonal triple cell, [a ~5 A, c 17 A, 6(Ca,Mg)CO3 per cell, cleavage {10.4}]. The directions of a and c are used to describe the crystal orientation with respect to plate shape. The accuracy with which such an orientation relation can be determined is limited by the variation in the plate shape itself and by the range of orientations of the plates on the body, which can be considerable. The orientation relations we are reporting (Table 1) are accurate enough to insure that the first orientation pattern obtained on the precession camera will yield the desired crystallographic directions. In other words, perfect adjustment of these directions will not require angular corrections larger than 7? or 8?. At least three plates were tested from each species. They always agreed in c direction. The a directions were occasionally found to be somewhat more variable, although they too were found to be oriented graphic nature of the skeletal element: Does it consist of a single crystal, subparallel crystals, or a polycrystalline aggregate? In its external shape a skeletal element, as strikingly shown recently by scanning electron microscope photographs (4), is completely noncrystallographic, consisting of mammillated surfaces that show neither planes nor straight edges, leave alone interfacial angles! Nevertheless, it must be crystalline if it diffracts x-rays. It is monocrystalline, that is, made up of "a single crystal," if all its parts diffract coherently to give discrete spots on the film-proof that it must be referred to a single continuous lattice. It will be polycrystalline, if its parts diffract incoherently-smearing the spots into smooth continuous powder-diffraction lines if the aggregate is finely crystalline and into gritty-looking lines if it is coarsely crystalline. The grain size, which is the size of the component crystals, can be estimated from the appearance of the diffraction lines: diffuse, sharp, "gritty," corresponding to ~ 0.1 tjm or less, 1 tm, and ~10 /tm or more, respectively.
We used the precession camera (with MoKa radiation), as well as the Weissenberg and back-reflection Weissenberg cameras (with CuKa and FeKa), the powder camera (CuKa), the petrographic microscope, and the electron probe. The rhombohedral calcite crystal is referred to its hexagonal triple cell, [a ~5 A, c 17 A, 6(Ca,Mg)CO3 per cell, cleavage {10.4}]. The directions of a and c are used to describe the crystal orientation with respect to plate shape. The accuracy with which such an orientation relation can be determined is limited by the variation in the plate shape itself and by the range of orientations of the plates on the body, which can be considerable. The orientation relations we are reporting (Table 1) are accurate enough to insure that the first orientation pattern obtained on the precession camera will yield the desired crystallographic directions. In other words, perfect adjustment of these directions will not require angular corrections larger than 7? or 8?. At least three plates were tested from each species. They always agreed in c direction. The a directions were occasionally found to be somewhat more variable, although they too were found to be oriented when the plate offered a reference direction, be it a row of holes in a holothurian plate or the flattening of a spine in an ophiuroid. We have been warned when the plate offered a reference direction, be it a row of holes in a holothurian plate or the flattening of a spine in an ophiuroid. We have been warned (5) that generalizations based on so few samples may be hazardous; our present aim is mainly to induce more zoologists to explore this field of biocrystallography.
The study was begun with the intent of testing, by x-ray diffraction, a hypothesis proposed by Towe (6)-that the primary deposit of calcite in echinoid skeletal plates is polycrystalline, the shape of the deposit being thus readily adjusted to the needs of the organism. Recrystallization resulting in a single crystal would take place in the solid state as a secondary process, the shape of the polycrystalline plate being preserved. This is an intriguing proposal for the formation of a pseudomorph; it is the reverse of a process that is common in mineralogy: a single crystal transforms to, or is replaced by, another (5) that generalizations based on so few samples may be hazardous; our present aim is mainly to induce more zoologists to explore this field of biocrystallography.
The study was begun with the intent of testing, by x-ray diffraction, a hypothesis proposed by Towe (6)-that the primary deposit of calcite in echinoid skeletal plates is polycrystalline, the shape of the deposit being thus readily adjusted to the needs of the organism. Recrystallization resulting in a single crystal would take place in the solid state as a secondary process, the shape of the polycrystalline plate being preserved. This is an intriguing proposal for the formation of a pseudomorph; it is the reverse of a process that is common in mineralogy: a single crystal transforms to, or is replaced by, another The only other crystalline phase we encountered in some of the plates was NaCl. Sharp, uniform powder lines became visible, for example, on rotation patterns taken for 5 hours or more with CuKa radiation. Much longer exposures are needed for precession films taken with Mo radiation. Soaking the specimen in water, or household bleach, or alcohol for 1 week did not affect the powder-line intensities. Spines of animals taken live out of seawater and placed immediately into alcohol showed no trace of crystalline NaCl (13). Spines from animals that had been allowed to dry in air after being taken from the sea gave the NaCl pattern, as did the spines from animals first allowed to dry and then placed into alcohol. We conclude that the living organism prevents salt from crystallizing in the interior of its skeleton. Crystallization takes place when the animal dies and the seawater contained in its shell evaporates. The randomly oriented salt grains then formed cannot be dissolved from the intact calcite plates, possibly because the solvents used have high enough surface tension so that they cannot penetrate the interior of the spongelike crystals.
At a recent symposium one of us (G.D.) listened to a lecture by Schoen on the partitioning of space by periodic minimal surfaces of which, so far, no example has been reported in nature (14) . Such a surface divides space into two interpenetrating regions each of which is a single multiply connected domain. The two regions have no connection with each other. A plastic model built by Schoen of one of these surfaces, with symmetry P6/mmm, bears a striking resemblance to the scanning electron microscope photographs of echinoderm plates (Fig. 2) . Here one region could be filled with stroma, the other with calcite; the surface would be the interface between the inorganic crystal and the amorphous organic matter. Maximum contact for crystal growth exists, and the single crystal nature of the shell is explained by the connected nature of the crystalline domain. The only other crystalline phase we encountered in some of the plates was NaCl. Sharp, uniform powder lines became visible, for example, on rotation patterns taken for 5 hours or more with CuKa radiation. Much longer exposures are needed for precession films taken with Mo radiation. Soaking the specimen in water, or household bleach, or alcohol for 1 week did not affect the powder-line intensities. Spines of animals taken live out of seawater and placed immediately into alcohol showed no trace of crystalline NaCl (13). Spines from animals that had been allowed to dry in air after being taken from the sea gave the NaCl pattern, as did the spines from animals first allowed to dry and then placed into alcohol. We conclude that the living organism prevents salt from crystallizing in the interior of its skeleton. Crystallization takes place when the animal dies and the seawater contained in its shell evaporates. The randomly oriented salt grains then formed cannot be dissolved from the intact calcite plates, possibly because the solvents used have high enough surface tension so that they cannot penetrate the interior of the spongelike crystals.
At a recent symposium one of us (G.D.) listened to a lecture by Schoen on the partitioning of space by periodic minimal surfaces of which, so far, no example has been reported in nature (14) . Such a surface divides space into two interpenetrating regions each of which is a single multiply connected domain. The two regions have no connection with each other. A plastic model built by Schoen of one of these surfaces, with symmetry P6/mmm, bears a striking resemblance to the scanning electron microscope photographs of echinoderm plates (Fig. 2) . Here one region could be filled with stroma, the other with calcite; the surface would be the interface between the inorganic crystal and the amorphous organic matter. . On the other hand, the earliest detailed microscopic description of these parts (3) stressed the fact that they have a spongelike internal structure so that only a small fraction of the plate volume is occupied by crystalline calcite. The lack of planar crystal faces in the morphology of the stereom did not appear compatible with the optical result that these plates were single crystals. However, optically only the c-axis and not the complete orientation (that is, at least one other crystallographic direction) had been determined (2). Single crystal x-ray methods corroborated the assumption of single crystals: The skeletal elements of adult, juvenile, and larval stages of recent species of echinoids were found to be monocrystalline (4). The only exceptions are the complicated polycrystalline teeth of echinoids (5).
The spongy nature representing an external shape not bounded by single crystal faces, on one hand, and the single crystal nature of the plates, on the other, lead us to the conclusion that the living part (stroma) of the echinoid acts on the growing stereom in such a way as to inhibit growth in certain directions. Thus the living matter determines the overall plate shape. The problem of plate and spine formation is, therefore, a special and possibly relatively simple case of the general biological problem of form determination, whereby the product is a single crystal with a known atomic structure while the stroma causing the crystallization is part of a chemically complicated animal.
In order to collect more information necessary for the understanding of the genesis of such "spongelike" crystals, more x-ray single crystal data have been obtained with the use of Laue and precession cameras, as well as an x-ray texture camera that can also be successfully used for polycrystalline materials, such as lamellibranchs and gastropods (6). The same objects investigated by x-rays were then studied with regard to their outer shape and their fracture surfaces in a scanning electron microscope (SEM) (7), which is particularly well suited to the investigation of objects with complicated surface morphology (8).
single crystal, as do also the recrystallized fossil skeletal units (2). On the other hand, the earliest detailed microscopic description of these parts (3) stressed the fact that they have a spongelike internal structure so that only a small fraction of the plate volume is occupied by crystalline calcite. The lack of planar crystal faces in the morphology of the stereom did not appear compatible with the optical result that these plates were single crystals. However, optically only the c-axis and not the complete orientation (that is, at least one other crystallographic direction) had been determined (2). Single crystal x-ray methods corroborated the assumption of single crystals: The skeletal elements of adult, juvenile, and larval stages of recent species of echinoids were found to be monocrystalline (4). The only exceptions are the complicated polycrystalline teeth of echinoids (5).
The fracture surfaces of Sphaerechinus granularis (Fig. 1) are a typical example of the "mammillate structure" formed by innumerable trabeculae with-SCIENCE, VOL. 166
